Deformation mechanisms in magnesium were investigated with single crystals strained by compression parallel to the hexagonal axis, because main deformation mechanisms in magnesium can not be effective for this type of compression.
microscope. The critical resolved shear stresses for these twinnings were measured to be very high (about twice that for nonbasal slip) and to decrease rapidly with the increase of test temperature.
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These mechanisms are all of no use for the compression parallel to the hexagonal axis, as shown in Fig. 1 . zinc(2)(3) and cadmium(4). Accordingly, it was firstly expected that this slip system would also operate in magnesium, when a single crystal was compressed along the hexagonal axis. Therefore, magnesium crystals were compressed in this direction at room and several elevated temperatures to examine propriety of such expectations. However, any slip deformation effective for this compression was not observed, instead of which several kinds of anormalous twinning were noticed. These hexagonal axis compression mechanisms in magnesium were investigated and discussed.
II. Experimental Procedure
Specimen
Polycrystalline specimens as shown in Fig. 2 (a) were lathed from high purity magnesium extruded bars powder in a stainless steel pipe and made into single crystals by the Bridgman method in argon atmosphere. After their orientations were determined by the Laue method, their tip parts of smaller diameter were bent so that the hexagonal axis would coincide with the longitudinal direction of a specimen ( Fig. 2 (b) ). The specimens were again made into single crystals from these tip parts. In some of the single crystals finally obtained, the hexagonal axis coincided well with their longitudinal direction. These rod crystals were fixed in hollow hard wood fixtures with resin and cut to a suitable size and orientation for later tests.
Identification of deformation mechanisms
Deformation mechanisms were determined by the trace analysis from the deformation markings observed on the specimen surfaces. For the convenience to this analysis, several cubic specimens with about 10mm in side length were cut by a jeweler's saw from rod crystals so that their faces would coincide with (0001), (1010) and (1210) planes respectively. The orientation deviapolishing with 05 emery paper, these crystals were etched with 5 pct hydrochloric acid, removing 2mm
and were made perfectly free from the strained surface layer.
The crystals thus obtained were cubic ones of about 6 mm in side length.
These specimens were set in the apparatus shown in Fig. 3 and compressed in the direction of hexagonal axis by a Shimadzu REH 30 universal testing machine. the specimens, were examined under an optical microscope and the operatedd deformation mechanisms were identified by trace analysis from the observed deformation markings on their surfaces. ever, the twins produced by the cutting process all coincided well with the {1015} twin as shown in Photo. 3. Accordingly, the aforementioned twin markings seem not to be {1014}, but {1015} twins. {1013} twins were always very fine and dense as shown in Photo. 4. {1015}, {3034} and {1011} , twin markings were sometimes as dense and fine as slip bands. However, these fine twins never appeared uniformly over the specimen surface, but clustered in the vicinity of relatively wider twins.
In case of the lower strain rate, {1015} twins were predominant at room temperature, but as the temperature increased, {1011}, {3034} and {1013} twins became paramount and {1015} twins, very rare. However, in case of the drop hammer test, {1124} twins were predominant at room temperature. At higher temperatures, {1011} and {3034} twins were predominant as in case of the low strain rate test, but {1013} twins could not be observed.
Generally, according as the temperature goes up and the strain rate decreases, deformation twins seem to become finer and more alike slip bands.
Remarkable shear accommodation(5) and lattice accommodation kinks were observed along {1011} and {3034} twins, as shown in Photo. 5 (a) and (b). The deflection angle of deformation markings at the boundary between kink and parent crystal variedd up of cylindrical specimens coincided with those of cubic ones within five pct of flow stress, and the reproducibility was fairly good. It is understood that a considerably high stress is necessary to compress magnesium crystals in the direction of the hexagonal axis, and that the flow stress reduces rapidly with the increase of test temperature.
One of the interesting characteristics of these curves is that the flow stress has a maximum value at about phenomenon may be due to the twin formation of preferable orientation for the basal slip, as proposed by Chadwich(6).
Mean deformation resistance (drop hammer test)
The mean deformation resistances obtained from the drop hammer test are shown in Table 1 3. Kinking Two kinds of accommodation kinks were observed. One causes the deflection of deformation markings to the same direction as that of twinning shear (Photo. 5 (a)), which was reported as shear accommodation kink by Reed-Hill and Roberton(10). The other is the socalled lattice accommodation kink and causes the deflection of deformation markings to the opposite direction to that of twinning shear (Photo. 5 (b)). These kinks are shown schematically in Fig. 5 . The shear strain in the twinned region may be estimated approximately from the deflection angle of deformation markings at the boundary between kind and parent crystal, considering the width of the kinked and twinned regions. In this way, the shear strain in the {3034} much larger than twinning shear 0.2 estimated approximately from the retwinning mechanism(8). Such a large difference may show a considerable slip deformation which occurrs in the twinned region, and may be regarded as the cause for the crack formation in twins (Fig. 6) as reported by Reed-Hill and Robertson(13). Fig. 6 The model of crack formation in a twin.
Critical resolved shear stress
The critical resolved shear stresses of the observed twinning systems were calculated from their yield stresses and are shown in Table 2 . As shown in Fig. 7 , these values are compared with those of basal and Table 2 Critical resolved shear stresses for anormal twinnings in magnesium single crystals.
nonbasal slips in magnesium single crystals, 0.2pct tensile proof stress and ultimate tensile stress of annealed polycrystalline extruded bars (average grain diameter: 0.05mm). The stress necessary to produce these anormal twins is much higher than those of slip systems and further these specially oriented crystals have a considerably higher strength than that of polycrystals. Therefore, these twinnings cannot contribute so much to the plastic deformation of randomly oriented polycrystalline aggregates. They may play only a role as accommodation mechanisms of the main deformation mechanism. However, in the polycrystals having those special textures that force the hexagonal axis to compress, these anormalous twinning mechanisms must play an important role (11) . Rolling texture, for example, resembles this case. The critical resolved shear stresses for these twin- Fig. 7 Critical resolved shear stress for anormalous twinning, compared with several other stresses in magnesium.
nings increase rapidly with the decrease of temperature, and their contribution to the plastic deformation is practically absent at room temperature. Such behaviours are quite alike those of the nonbasal slip.
Strain rate dependence of flow stress
The stress-strain curve could not be determined by the drop hammer test. Accordingly, the strain rate dependence of hexagonal axis compression was deduced by the following method: the work done per unit volume of the specimen during the low strain rate deformation to the same strain as that given by the drop hammer test was derived from the stress-strain curve, which was then divided by In (h/h'), where h and h' are the height of the specimen in the initial and deformed states, Table 3 The strain rate dependence of the mean deformation resistance.
respectively. The divided value was considered as the mean deformation resistance at the low strain rate test
and was compared with that by the drop hammer test.
The result is shown in test, it may be concluded from Table 3 that the flow stress of the hexagonal axis compression is very sensitive to the strain rate. This result together with a remarkable temperature dependence of the flow stress suggests that the rate controlling process of hexagonal axis colhpression is a thermally activated process and is quite alike that of the nonbasal slip.
V. Summary
High-purity magnesium single crystals were compressed in the direction parallel to the hexagonal axis at elevated temperatures. The deformation mechanism and the flow stress were determined. The results are summarized below;
(1) Main deformation mechanisms in magnesium (basal effective for this deformation was expected to operate, because this slip system has been reported to operate in zinc and cadmium. However, no slip deformation effective for this compression could be evidenced.
(2) Instead of slip markings, many kinds of twin forms were obseved. These twins were determined to predominant.
However, under drop hammer test conditions were many {1124} twins observed at room fine alike slip markings, but it was not observed by the drop hammer test.
(3) The orientation of these twins was advantageous for the basal slip, giving rise to a heavy shear strain up to about 10 in the twinned regions. This heavy deformation is probably caused by the crack formation in twins, as reported by Reed-Hill and Robertson(13).
(4) The critical resolved shear stresses for these anormalous twinnings were measured to be very high, about twice larger than that of the nonbasal slip. From this result, it was suggested that these deformation mechanisms is negligible in contributing to the plastic deformation of polycrystalline aggregates and play a limited role as accommodation mechanism, except some exceptional cases where the hexagonal axis compression is inevitable.
(5) The flow stress of the hexagonal axis compression was highly sensitive to temperature and strain rate, and became higher with the decrease of temperature or with the increase of strain rate. These characteristics were indicated to be in close similarity to those of the nonbasal slip.
